The effect of cup anemometer shape parameters, such as the cups' shape, their size, and their center rotation radius, was experimentally analyzed. This analysis was based on both the calibration constants of the transfer function and the most important harmonic term of the rotor's movement, which due to the cup anemometer design is the third one. This harmonic analysis represents a new approach to study cup anemometer performances. The results clearly showed a good correlation between the average rotational speed of the anemometer's rotor and the mentioned third harmonic term of its movement.
Introduction
The importance of wind energy for modern societies is today a fact [1] . Some countries have clearly supported this industry at the end of the twentieth century (Denmark, Germany, Spain. . .), and as a result they have led most of the technical advances on the scientific areas related to wind energy. On the other hand, some other countries have started to invest more and more in their wind energy sector, the consequence being that at present these new players not only show the highest figures of wind energy installed power but also the highest growing rates (China, USA, and India); see Table 1 .
As the extractable wind power is proportional to the third power of the wind speed [2] , the wind industry demands the best instruments to measure it, with special interest in two particular aspects: wind energy forecast on the field and wind turbine performance control [3] . This fact has made the wind energy sector a mass consumer of cup anemometers all over the world.
Despite technological advances as LIDAR or SODAR [4] [5] [6] [7] , the cup anemometer, invented in the XIX century for meteorological purposes [8] , remains today the most proper instrument for the mentioned tasks of wind energy forecast on the field and wind turbine control. Furthermore, following the IEC-61400-12-1 standard [9] , the power performance of a wind turbine is preferred to be based on the wind speed measurements performed with a calibrated cup anemometer [10, 11] . Taking into account the great importance of the wind speed measurements accuracy, a huge work was done during the XX century by researchers and scientists to improve the cup anemometer and to have a better understanding of its performance. After initial efforts to study and optimize the size of the anemometer [12] [13] [14] , the cup aerodynamics [15, 16] , and the output frequency recording systems [17] [18] [19] [20] [21] , the researchers focused on the analytical and experimental analysis of anemometer performance in the field [16, 19, 22, 23] . Obviously, the aforementioned studies were possible thanks to the advances in experimental techniques achieved in the first part of the XX century.
From the point of view of the wind energy industry, the cup anemometer performance is based on the transfer function:
where is the wind speed, is the anemometer's rotation frequency output, and (slope) and (offset) are the calibration coefficients. This linear equation, which correlates the wind speed and the anemometer's output frequency [24] , must be defined by means of a calibration process 2 The Scientific World Journal [9, [25] [26] [27] and was quite early defined for the Robinson-type anemometer [28] . The transfer function can be rewritten in terms of the anemometer's rotation frequency, , instead of the output frequency, , introducing in the expression the number of pulses per revolution given by the anemometer, :
The expression above is preferable than the preceding one, as it has a clearer physical meaning. Expression (2) also allows a direct comparison between anemometers [29] and between experimental results and analytical models [30, 31] . The number of pulses, , is different depending on the anemometer's inner system for translating the rotation into electric pulses. Magnet-based systems give 1 to 3 pulses per revolution, whereas optoelectronics-based systems normally give higher pulse rates per revolution, from 6 to 44 [29] .
Leaving aside the wide acceptance of the industry, it is also fair to recognize the existence of some special uncertainties associated with the cup anemometer wind speed measurements. On the one hand we have the "overspeeding" problem, which was detected and studied from the beginning of the XX century [32, 33] . The cup anemometer "overspeeding" consists in a quicker response upon wind flow acceleration than the one obtained after a wind flow deceleration. Due to the impact on the measured wind speed and turbulence, this effect (together with the problems related to the error caused by the vertical component of the wind) was one of the biggest concerns for meteorologists during the second half of the XX century [34] [35] [36] [37] [38] [39] [40] [41] . All the researches done were quickly applied to the wind energy industry, particularly to the effect of the accuracy on the wind turbine power [42] , and the classification and improvement of cup anemometers [43] .
From 2009, cup anemometer performances have been analyzed at the IDR/UPM calibration lab, focusing on the effect of the rotor shape [29, 44] , the effect of air density and climatic conditions [45] , and the effect of aging [46] . Recently, research done at the IDR/UPM has been focused on the uniformity of anemometer rotation, as even in a very low turbulence and stationary wind flow the rotation speed is not purely constant, being composed by harmonic terms.
The cup anemometer has a standardized configuration of three cups, as the 3-cup anemometer has become the most efficient solution when compared to the 4-cup anemometer (this was the initial configuration of the cup anemometer developed in the XIX century). This 3-cup design makes the rotational speed of this instrument not uniform [47] . The rotational speed of a 3-cup anemometer, , under a perfectly constant and uniform wind speed can be decomposed along one turn into a constant term, 0 , plus a series of harmonic terms that correspond to a frequency three times bigger than the one related to the mentioned constant term, 3 0 , and its multiples, 6 0 , 9 0 , 12 0 . . .:
In Figure 1 constant wind speed revealed the effect of the anemometer's rotor shape on this third harmonic term of the rotation speed (these results were presented at the Alternative Energies Special Session of the 9th Conference on Diffusion in Solids and Liquids; Madrid, 2013). Nevertheless, the results were not conclusive enough, as the analysis was performed using an Ornytion 107A anemometer. This anemometer gives an analog output consisting in 2-harmonic pulses per turn generated by rotating magnets, which is a good enough rate to measure correctly the average rotation speed, 0 . However, the process to extract the third harmonic term from the output had to be indirect and derived from Lenz's law, which relates the generated analog output of the anemometer to the rotating magnetic field. The aim of the present study is to analyze the response of an optoelectronic output anemometer (Climatronics 100075 by Climatronics Corp., also known as F460 model), equipped with different rotors, to have a better understanding of the effect of the geometry (size of the cups, distance of the cups to the rotation axis) on cup anemometer performances. Also, the third harmonic term of the rotation speed, see expression (3), is studied as a possible new approach to analyze the mentioned anemometer performances.
Testing Configuration and Cases Studied
As said, the Climatronics 100075 anemometer was used in the testing campaign. 32 different rotors were tested (see Table 2 and Figure Table 2. 3 were equipped with porous cups (front surface, including the empty area, equal to the conical cups: = 1963.5 mm 2 , cup radius: = 25 mm, truncated shape with hole diameter ℎ = 9 mm, ℎ = 19 mm and ℎ = 24 mm, and = 60 mm). The cups used in this study were made of ABS plastic using a 3D printer, and the arm on each cup was made of aluminum tubing 5 mm in diameter.
The calibrations were carried out at the IDR/UPM Institute, in the S4 wind tunnel (see Figure 3 ). This facility is an open-circuit wind tunnel with a closed test section measuring 0.9 by 0.9 m. It is served by four 7.5 kW fans with a flow uniformity under 0.2% in the testing area. More details concerning the facility and the calibration process are included in [29] . The calibrations analyzed in the present paper were performed following the MEASNET [25, 26] recommendations (over 13 points and from 4 to 16 m/s wind speed). In each point (wind speed) of every calibration Table 2 : Geometrical characteristics of the rotors tested: cup center rotation radius, , front area of the cups, , cup radius (conical and porous cups), , ratio of cup radius to the cups' center rotation radius (conical cups), / , hole diameter of porous cups, ℎ, and semi-major and semi-minor axes, and , of elliptical cups. See also performed, the anemometer's output was sampled during 20 seconds at 10000 Hz. The Climatronics 100075 anemometer gives 30 squared pulses per turn. A plot of the output signal record in one turn of this anemometer equipped with the h-24/60 rotor is included in Figure 3 , together with the non-dimensional rotation speed, / 0 , once the output was post-processed. The non-dimensional rotation speed on one turn was calculated averaging groups of 30 pulses contained in the recorded data for every point (i.e., every wind flow velocity), during the calibration of all configurations analyzed.
Results and Discussion
The calibration constants of the anemometer transfer function, and , with regard to all cases tested are included in Table 3 . In Figure 4 the anemometer factor, , regarding the calibrations performed in the present study to conical cups rotors is shown as a function of the parameter (which represents the ratio between the cups' radius, , and the cups' center rotation radius, , = / ). This anemometer factor is defined as the ratio between the wind speed, , and the rotation speed of 
where and are, respectively, the slope and the offset of the transfer function; see expression (2) . The anemometer factor, , was calculated for both limits of the wind speed calibration range, 4 m/s and 16 m/s, and for very high wind speeds ( → ∞), which, in fact, is the result of considering Table 3 : Calibration coefficients, and , measured for the rotors tested with Climatronics 100075 anemometer (see also Table 2 and Figure 2 ). The coefficient of determination, 2 , of the curve fittings, and the slope of the transfer function based on the rotation frequency, (see expressions (1) and (2) the offset constant of the transfer function, , negligible. It should be said that the effect of this offset constant on similar calculations has been considered negligible in past works [44, 48] , as it is only appreciated at low wind speeds. However, it was preserved in the present calculations in order to have a more accurate comparison between the different cases, and new conclusions have arisen.
In Figure 4 three different cases can be observed. For low wind speeds ( = 4 m/s) the cup anemometer is less efficient in terms of transforming the wind velocity into rotational speed than for higher wind speeds (i.e., higher values of the anemometer factor, , are shown). Also, the curves corresponding to the different cup sizes seem to follow the same path for ratios between the cups' radius and the cups' center rotation radius lower than < 0.65. The mentioned lower performances of the anemometer can be explained as an effect of the friction forces, which are increasingly significant when compared to the aerodynamic forces for low wind speeds (that, obviously, are translated into low rotational speeds).
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The situation changes for higher wind speeds, as it can be observed for = 16 m/s and even more clearly for the limit case → ∞ (i.e., when the offset constant is left aside). In this case, the anemometer constant, , shows a second-order polynomial dependence on the parameter . Also, the effect of relative cup size is shown in the mentioned graph. The curves fitting to the results corresponding to the rotors with the smallest and the largest cups ( = 20 mm and = 40 mm, resp.) have been included in the graph. The results corresponding to all the intermediate cup size rotors ( = 25 mm, = 30 mm, and = 35 mm) lie between both curves revealing the aforementioned dependence on the cups' size. In tune with this effect, it should also be said that other experimental results have already demonstrated the direct relationship between the slope of the anemometer transfer function, , and the front area of the cups [44] :
where d /d depends on the aerodynamic forces on the cups (for rotors equipped with the same conical cups tested in the present work, it was found that this coefficient has constant value with very little or no correlation to the cups' size) and 0 strongly depends on the cups' front area, . Finally, it should also be said that as far as the authors know, this particular effect of the cups' size has not been included in the different analytical models developed to study cup anemometer behavior [30, 31, 33, 38, 40] . These models are based on wind speed, cup aerodynamic coefficients, and cup and rotor geometries and take as starting point that the behavior of cup anemometers is mainly driven by aerodynamic forces, the frictional torque being much lower in comparison [37, 49] . However, these models are limited due to the complexity of rotating flows [48] .
In order go to deeper into this problem, the aerodynamic forces on each cup should be analyzed. As the aerodynamic torque on the anemometer's rotor is produced by the aerodynamic forces on the mentioned cups and the cups positions on the rotor have 120 ∘ phase separation, it is logical to assume that at constant wind speed equal rotational accelerations and decelerations will affect the anemometer rotor three times per revolution (obviously, these accelerations are responsible for the third harmonic term of the anemometer wind speed, 3 ; see expression (3)). Therefore, studying the third harmonic term of the rotational speed is a way to analyze the effect of the cups on the rotor movement.
In Figure 5 , the non-dimensional third harmonic term, 3 / 0 , calculated for every wind speed of the calibrations regarding the studied porous cups rotors (h-09/60, h-19/60 and h-24/60), is shown together with the results corresponding to the c-25/60 rotor (included as it can be considered as part of the porous cup series; i.e., porosity equal to zero). In the mentioned figure the differences among the performances with regard to the different rotors can be clearly observed. This figure has been chosen to illustrate two parameters used in the present work to analyze the third harmonic term of the anemometer rotational speed: (i) the non-dimensional average value calculated with data from the 13 points of the calibration procedure:
and (ii) the corresponding standard deviation, 3 , calculated using the general procedure:
In Figure 6 the averaged third non-dimensional harmonic term, 3 , regarding the conical cups rotors, and the ratio of the standard deviation to the mentioned nondimensional third harmonic term, 3 / 3 , are shown as a function of the ratio of the cup radius to the cups' center rotation radius, . The third harmonic term, 3 , tends to be smaller with higher values of , that is, for rotors whose cups centers are closer to the rotation axis. The same tendency was observed on the anemometer factor, (see Figure 4) , so it can be concluded that higher third harmonic terms have an immediate effect on the anemometer average performance, reducing the average rotational speed, 0 . This effect can be explained in terms of energy, as a bigger part of the energy transferred from the wind to the rotor movement is invested into the mentioned third harmonic term and not into the constant term of the rotational speed, 0 . Also, the effect of the cups' size has the same pattern as the one for the anemometer constant graphs in Figure 4 . Smaller cups with the same parameter show smaller third harmonic terms, with higher rotational efficiencies. Finally, focusing on the standard deviation measured with respect to the average third harmonic term, 3 / 3 , shown in Figure 6 , it seems that there is a minimum for every cup size at a certain value of the parameter , located around = 0.5. In Figure 7 the third harmonic term measured for every wind velocity during the calibration of four rotors equipped with = 40mm cups is shown. The data correspond to the smallest and the largest cup rotation radius tested ( = 50 mm and = 140 mm, resp.), and two intermediate cases ( = 80 mm and = 100 mm). It can be observed that, according to the information from the mentioned graph in Figure 6 , the dispersion of the results is lower for the intermediate cases. A linear tendency is also observed, with higher slopes for greater values of cup center rotation radius. Finally, it should also be said that class-1 commercial anemometers [47, 50] Concerning the effect of the cups' shape, its effect on anemometer performance has been already analyzed. The aerodynamic forces on a single cup have been correlated with the aforementioned anemometer performance in two different ways, by means of analytical models correlated with experimental testing [30, 31, 33, 38] and by means of a direct comparison based on experimental calibration [48] . In Figure 8 , the anemometer constant at 16 m/s wind speed with regard to the calibrations performed on the anemometer equipped with elliptical and porous cups rotors, has been included, respectively, as a function of the eccentricity, = √ 1 − ( / ) 2 , and the ratio of the hole diameter to the cup diameter, ℎ/2 . The non-dimensional third harmonic, 3 , regarding these rotors has been also included in the figure.
As it was previously measured [48] , the effect of both the eccentricity and the porosity of the cups is translated into a decrease of the rotational efficiency of the cups (higher values of , that is, lower rotational speed at a fixed wind speed). On the other hand, the effect of both parameters on the third harmonic term has a reversed effect; that is, higher values of eccentricity and porosity increase the importance of this harmonic term.
Conclusions
In the present work, the performance of a cup anemometer equipped with different rotors has been experimentally analyzed. On one hand, the size of conical cups together with their distance to the anemometer rotation axis was studied. On the other hand, the shape of the rotor cups was also studied. The analysis was based on two different parameters, The Scientific World Journal the anemometer factor that takes into account the average rotation of the anemometer and the third harmonic term resulting from the Fourier decomposition of the anemometer rotation speed. The most relevant conclusions resulting from this work are as follows.
(i) The average rotation speed is well correlated with the mentioned third harmonic term resulting from the Fourier decomposition of the anemometer rotation speed. Higher values of this third harmonic term result in higher anemometer factors and therefore in lower rotational speeds. This fact confirms the mentioned third harmonic term as a useful parameter to study cup anemometer performance.
(ii) Smaller cups with the same ratio of cup diameter to the cups' center rotation radius, , tend to produce higher rotational speeds (lower anemometer factors) and lower third harmonic terms.
(iii) The ratio of the third harmonic term to the average rotational speed, 3 / 0 , is more uniform (within the wind speed calibration range) for values of the ratio of the cup diameter to the cups' center rotation radius ranging from = 0.4 to = 0.5 than for values of beyond or below this bracket.
